Abstract-In this letter, we numerically and experimentally evaluate the influence of adopting different 8-QAM constellations. The performance of flexible/adaptive direct detection optical orthogonal frequency division multiplexing transmission systems has been evaluated in the back-to-back configuration. Metro/regional network scenario is also considered using the four-node photonic mesh network of the ADRENALINE testbed. In general, different optical paths of the network ranging from 50 to 185 km are analyzed to asses the optimal 8-QAM format, which maximizes the system performance. In addition, single side band modulation is implemented in order to enhance the robustness against the chromatic dispersion (CD). The effect of CD on the format selection is investigated targeting different data rates using the implemented loading algorithm.
8-QAM format becomes crucial in order to maximize either system performance or data rate in adaptive optical OFDM systems equipped with flexible programmable transceivers [8] .
In this letter, we numerically and experimentally evaluate the performance of several 8-QAM constellations in SSB DD optical OFDM systems targeting metro/regional networks. With this aim, the optimal format selection is investigated, implementing either uniform (8-ary) or arbitrarily bit/power loading on the OFDM subcarriers generated in the electrical domain by means of digital signal processing (DSP). This allows to dynamically reconfigure the transceivers according to the network condition. In particular, optical backto-back (B2B) configuration and different optical paths of the ADRENALINE photonic mesh network have been analyzed [9] , [10] . The impact of the 8-QAM constellations on the achieved data rate is also evaluated when different percentages of this format are assigned to the subcarriers in relation with the loading algorithm. The rest of this letter is organized as follows, the system model is described in section II. In section III, the numerical and experimental analysis are presented. Finally, conclusions are drawn.
II. SYSTEM MODEL
The proposed adaptive SSB DD OFDM system is described in Fig. 1 . At the transmitter (Tx) DSP block of Fig. 1 , a randomly generated data stream is parallelized and mapped into 8-QAM constellation, in the case of uniform loading. Circular, star, rectangular and square 8-QAM formats have been considered (see Figs. 3 (d)-(g)) [7] . BPSK and M-QAM formats (being M a power of 2, ranging from 2 to 256) are used, when bit/power loading is applied with the Levin-Campello margin adaptive algorithm [3] . After the mapping, training symbols (TS) are added in order to equalize data at the receiver side. An inverse fast Fourier transform (IFFT) of 512 points is performed with half of the subcarriers set to zero to create a guard-interval, as required in SSB transmission. Then, a cyclic prefix (CP) is added to the signal, which is serialized and symmetrically clipped with a 9 dB clipping level [3] . The resulting data is upconverted to a radio frequency in order to transmit a real OFDM signal. A pre-emphasis digital filter is applied to compensate the system performance degradation due to the limited bandwidth of the digital-to-analog converter (DAC). The DAC impulse response is modeled as a 2nd order Gaussian filter, based on the characterization of a commercial high-speed DAC. For optical modulation, an external pushpull single drive Mach-Zehnder modulator (MZM) biased near the null point is considered. The laser driving the MZM is modeled as a standard continuous wave laser. An optical filter is used to generate an optical SSB signal. At the receiver side, the transmitted signal is detected with a PIN photodiode, analog-to-digital (A/D) converted and synchronized. Finally, downconversion, parallelization, CP removal, FFT processing, equalization, TS removal, demapping and serialization are performed at the receiver (Rx) DSP block. Zero-forcing (ZF) equalizer is commonly used in OFDM systems to retrieve the original transmitted data [11] . However, when circular 8-QAM constellation is considered, the received data can not be equalized, as the constellation has a symbol in the origin. To overcome this problem, minimum mean-square error linear equalization (MMSE-LE) is used [11] . It offers a wider variety of possible 8-QAM constellations to be implemented without increasing system complexity requirements. In fact, according to [11] , both equalizers present the same computational complexity and in some cases MMSE-LE outperforms ZF.
III. NUMERICAL AND EXPERIMENTAL ANALYSIS
The proposed system of Fig. 1 is numerically analyzed using Python software and considering an optical B2B configuration. Different 8-QAM constellations are implemented in order to determine the optimal format selection, which maximizes the system performance. To this extend, all the subcarriers are mapped with 8-QAM format (uniform loading) using different constellations, which are indicated with crosses in Figs. 3 (d)-(g) . A data stream of 153600 × 20 bits is transmitted at 24 Gb/s occupying an optical bandwidth of 16GHz (as seen in the inset of Fig. 4) . The optical channel is emulated with a variable optical attenuator (VOA). A target bit error rate (BER) of 3 · 10 −3 and a total overhead of 13.4% have been considered including the overheads due to 1.9% CP, 4% TS and 7% HD-FEC [12] . The BER is calculated using error counting. The optical signal-to-noise ratio (OSNR) is defined within 0.1 nm. The numerical B2B BER performance vs OSNR can be seen in Fig. 3 (a) . Circular 8-QAM format, which has the highest number of different levels in the quadrature component, outperforms the other three analyzed constellations, as shown in the figure. The target BER can be achieved with 11.5 dB OSNR (2 dB less OSNR than with rectangular 8-QAM).
As a next step, an experimental analysis of the different constellations for the adaptive SSB OFDM system is performed. The set-up and a picture of it can be seen in Fig. 1 and Fig. 2 , respectively. Tx, pre-emphasis and Rx modules are the same used in simulation. To perform digital-to-analog conversion a commercial 13 GHz DAC working at 64 GS/s is used. A tuneable laser centered at 1550.12 nm with 5 dBm output power is considered. Then, the optical signal, generated with the MZM, is filtered with a 16 GHz SSB optical filter and optically amplified to transmit at a constant power of −1 dBm. A VOA and an optical amplifier (OA), working at constant power mode, are used to perform OSNR measurements. They are properly varied to fix a constant power at the PIN input. Additionally, a 50 GHz optical band pass filter for noise rejection and an optical spectrum analyzer (OSA) are included. Finally, a real-time 20 GHz oscilloscope at a sampling rate of 100 GS/s is used for A/D conversion.
The first experimental assessment is performed considering the optical B2B configuration and the obtained results can be seen in Fig. 3 (b) . Comparing Figs. 3 (a) and (b) , it can be observed that the experimental curves are in good agreement with the obtained numerical results. In particular, the maximum OSNR difference for 3 · 10 −3 BER is about 0.1 dB and it occurs using the rectangular 8-QAM constellation. Despite the limited bandwidth of the DAC, all the subcarriers present similar SNR value thanks to the preemphasis filtering process, as shown in Fig. 3 (c) . The received experimental optical B2B constellations are depicted in Figs. 3 (d)-(g) . Since circular 8-QAM constellation maximizes the system performance in the B2B case, we have experimentally assessed its performance over the ADRENALINE network, which is considered for representing a 4-nodes metro network (see Fig. 1 ) [10] . Single and 2 hop paths of 50 km, 85 km and 185 km of single mode fiber have been considered, as indicated in Fig. 4 . After single hop 50 km path, 24 Gb/s are transmitted with the same OSNR than in the optical B2B case. A higher OSNR value of 13.5 dB is needed to ensure the target BER after the 85 km path with 2 hops passing through ROADM-2 (see Fig. 1 ). In this case, particularly high-frequency subcarriers are attenuated due to the transmission over the network. This can be seen in the insets of Figs. 4 and 5 , where the photodetected spectrum and the SNR estimation are respectively depicted. Finally, the performance is assessed over the 2 hop path of 185 km (OXC-2→ OXC-1→ ROADM-1) achieving 3 · 10 −3 BER with 17.7 dB OSNR. Then, we have investigated which is the optimal format selection that maximizes the system performance using either uniform or bit/power loading considering an intermediate path of 85 km with 2 hops. According to Fig. 5 , circular 8-QAM format achieves the best performance also in the presence of CD. In this case, a higher OSNR difference of 4.5 dB between circular and square 8-QAM formats is obtained at the target BER, compared with the B2B configuration. Additionally, the robustness of circular 8-QAM against path impairments is also evidenced comparing figures 3 (b) and 5. A 2 dB OSNR penalty is observed at the target BER between the 85 km and the B2B curves, while in case of using square constellation, the penalty is 5 dB. This is mainly due to the greater distance of the symbols of circular 8-QAM in the complex plane, when considering the same average power in all the analyzed formats.
In order to evaluate the benefits of using the optimal format in adaptive systems, different percentages of 8-QAM format are assigned to the subcarriers, by means of the bit/power loading algorithm. This allows achieving different data rates and performances over the 85 km path with 2 hops. Specifically, the constellation selection becomes crucial for maximizing the system performance, when more than 10% of the subcarriers are mapped into 8-QAM format, as seen . System performance at 30 Gb/s for the optical B2B configuration using bit/power loading. Fig. 8 . System performance at 30 Gb/s for 85 km optical path using bit/power loading.
in Fig. 6 . Circular 8-QAM outperforms rectangular and square constellations from 10% of the mapped subcarriers and star 8-QAM from 45%. Hence, the flexible programmable transceiver can select between 8-ary constellations as well as any modulation format per subcarrier according to the target data rate/performance and complexity requirements. From the figure, it can be seen that a maximum SSB transmission of 30 Gb/s is achieved at the target BER. Figs. 7 and 8 shows the impact of using different 8-QAM formats on the system performance considering bit/power loading at 30 Gb/s in the optical B2B configuration and after the 85 km optical path. Comparing both figures, it can be observed that square 8-QAM is more sensitive to transmission path impairments, showing a 3.6 dB OSNR penalty at the target BER between the two analyzed configurations. Whereas, circular and star constellations present a OSNR penalty of 1.6 dB (2 dB less compared to square). The performance relation between the curves observed in Fig. 8 at 18 dB OSNR, is also maintained in Fig. 6 for 20% subcarriers mapped with 8-QAM.
IV. CONCLUSION
In this letter, it has been numerically and experimentally evaluated the performance of different 8-QAM constellations in optical B2B configuration and after different paths of the ADRENALINE network. Additionally, it has been shown that the choice of 8-QAM constellation impacts on the system performance and on the achieved data rate, when bit/power loading is applied. Particulary, the benefits of using circular 8-QAM, in adaptive systems, are evidenced when more than 10% of the subcarriers are mapped into this format. Depending on the implemented format, MMSE or ZF equalization can be selected. Thus, the proposed transceiver allows flexible constellation/equalization selection, according to the network requirements, in scalable/programmable DD OFDM transmission systems envisioned for future metro networks.
